Introduction
Ionic liquids are nowadays one of the options that the common chemist considers as the solvent for any particular reaction. Many reviews and books focus on their use as solvents for synthesis and catalysis. [1] [2] [3] [4] [5] In particular, the relatively nonvolatile nature of ionic liquids can offer tremendous opportunities in terms of immobilising homogeneous catalysis, and the efficient separation of products post-reaction. [6] [7] [8] There is a growing interest in the role that ionic liquids play during chemical reactions, particularly those dependent upon homogeneous catalytic processes. 1, 3, 4 In many cases, the ionic liquid acts as an "innocent" solvent, particularly when the active catalyst is a neutral species. 1 However, in many cases ionic liquids can be involved in the formation of the nal active metal complexes. Ionic liquids can act in these cases as the catalyst ligand, the ligand precursor, the co-catalyst or even the catalyst for a reaction. 9 In the case of cationic metal catalysts, ionic liquids have been shown to displace the counteranion of the cationic metal centre.
3 Even non-coordinating anions, such as shown to coordinate to the metal centre of catalysts. 10, 11 The coordination of the cation of the ionic liquid via the formation of a carbocation has also been widely investigated. The Suzuki cross coupling reaction is typically catalysed by tetrakis-(triphenylphosphine) palladium ([Pd(PPh 3 ) 4 ]), but the formation of a phosphineimidazolylidene palladium complex has also been linked to an increase in reaction rate when carried out in imidazolium-based ionic liquid solutions.
12,13
The analysis of the catalyst in solution is of utmost importance in order to be able to understand the role of ionic liquids in homogeneous catalytic reactions. Several techniques have been used to characterise the catalyst in solution. Electrospray ionisation mass spectrometry (ESI-MS) can provide with the spectrometric evidence of the catalyst especially when charged catalyst are involved.
14 Synchrotron based extended X-ray absorption ne structure (EXAFS) spectroscopy can provide the rst coordination shell of the catalyst in solution and bond distances. 15 IR, 16 UV-vis 17 and EPR 18 spectra can also be used to identify its spectroscopic ngerprint in solution. One of the main factors controlling the outcome of these reactions is the electronic environment of the metal centre of the catalysts. This information can, potentially, be indirectly obtained from NMR spectroscopy of the ligand characteristic atoms and metal centre or IR spectroscopy of the metal-ligand bonds signals, or directly measured by UV-vis spectra. UV-vis and IR spectroscopy have been routinely used to assess the donating ability of ligands to metal centres. These techniques could be potentially used to observe the effect of other ligands or the existence of new ionic liquid-metal centre interactions. However, for UV-vis and IR spectroscopy, the acquisition of this information is dependent upon the catalyst producing an observable (i.e. not obscured by the ionic liquid) spectroscopic signal. For NMR spectroscopy, only diamagnetic complexes can be analysed, which in practice prevents the analysis of many systems. These are likely reasons for the scarcity of such studies in ionic liquid systems.
9
X-ray photoelectron spectroscopy (XPS) is a powerful analytical tool that allows investigations of the bulk electronic environment of both solids and solvents/solutes. XPS of solid catalysts has been used for years to characterise the metal oxidation state. However, studies of the electronic environment of metal centres in solution have been limited by experimental challenges as most solvents are too volatile to be studied using conventional XPS apparatus.
19-22 XPS offers a unique spectroscopic opportunity to investigate the presence of solvent-solute interactions that may promote the in situ formation of new catalytic species that otherwise could not be characterised by more traditional solution-based spectroscopic methods.
Over the past decade, the use of XPS in the investigation of ionic liquid-based systems has greatly increased.
23 XPS can give information on both the electronic environment of ionic liquids [24] [25] [26] [27] [28] [29] [30] [31] and the ionic liquid/gas surface composition.
26,31-34
XPS can be used to monitor the liquid-phase organic reactions 25,27 chemical state of metal catalysts in ionic liquids [35] [36] [37] and the electronic contribution of a substituent towards the stabilisation of the cationic charge. 28,29 XPS can reveal very subtle trends in the binding energies of cation-based components 26 and the hydrogen bond acceptor abilities of corresponding anions. 24, 31, 38 Recent studies have highlighted that the XPS signals can act as reporters to tune the electronic environment of cations and anions using ionic liquid mixtures.
38,39
In this study, we extend this method to investigate if XPS may be used to probe solute-solvent interactions in catalytic systems. We highlight the formation of a phosphineimidazolylidene palladium complex, which is employed as a probe of the solvation environment in ve 1-octyl-3-methylimidazoliumbased ionic liquids and 1-octyl-pyridinium tetrauoroborate ([C 8 Py][BF 4 ]) (see Table S1 †). The effect of anion basicity on the electronic environment of the palladium centres has been investigated for ve phosphineimidazolylidene palladiumcontaining solutions, where the anions are [OAc] À (acetate),
and [Tf 2 N] À , as a sequence of basicity from highest to lowest.
40,41
The formation of the new phosphineimidazolylidene palladium complex is conrmed using high-resolution Pd 3d XP spectra, and the binding energy of the Pd-containing probe is shown to be sensitive to the ionic liquid solvent across a range of compositions. The impact of anion composition upon the electronic environment of the new Pd-ylidene species is investigated; our data is correlated to the Kamlet-Ta hydrogen bond acceptor ability, b. Furthermore, in the case of the deliberate investigation of simple ionic liquid-based mixtures, where a common cation is probed in the presence of mixed anions, the probe appears to experience a single "average" environment. It suggests that the ions form a single anisotropic mixture as opposed to discrete yet intimately mixed pockets of differing anion/cation combinations which could initiate segregation and preferential solute clustering.
Our data suggests that ionic liquids can contribute to catalytic processes and are much more than mere spectators in chemical reactions. Interactions of this nature can be correlated to reaction performance, providing essential information for the design of more efficient catalytic systems. This hypothesis is tested experimentally by comparison of catalyst turnover of frequencies (TOFs) for a series of standard benchmark reactions, i.e., the Pd-catalysed Suzuki reaction, carried out in a range of ionic liquids that were chosen to offer a range of both measured Pd 3d binding energies and KamletTa b values.
Experimental

Materials
All chemicals were obtained from Sigma-Aldrich or Alfa Aesar and were used as received except for 1-methylimidazole, which was distilled over calcium hydride prior to use. Lithium bis [(triuoromethane)sulfonyl]imide was obtained from 3M and used as received. All ionic liquids investigated in this work were prepared in our laboratory using established synthetic protocols, [C 8 4 ]. 43 The structures of the individual cations and anions investigated in this study are shown in Table S1 . † All ionic liquids were dried in vacuo (p # 10 À3 mbar) before being fully characterised by 1 H NMR spectroscopy, 13 C NMR spectroscopy, ESI-MS and Karl Fischer titration. When ion exchange was one of the synthetic steps, ion chromatographic analysis (both anion and cation) showed that residual ion concentrations (Cl À , Li + , Na + , Ag + ) were all below accepted threshold concentrations, i.e., <10 ppm. In all cases, no residual signal of either halide, or metal ions were observed during XPS analysis, i.e., the concentration was below the limit of detection. Full data, including full XPS data sets with peak deconstruction models, for all of the materials studied in this work appears in the ESI. †
Preparation of Pd-containing ionic liquid solutions
All ionic liquid solutions were prepared in an inert atmosphere (Ar) using pre-pumped and de-gassed ionic liquids. Into a mixture of NaCl (12 mg, 0.21 mmol), bromobenzene (13.1 ml, 0.125 mmol) and [Pd(PPh 3 ) 4 ] (24 mg, 0.021 mmol) in selected ionic liquid (0.25 ml), a solution of Na 2 CO 3 (26 mg, 0.25 mmol) in water (0.125 ml) was injected. The resulting solution was heated to 110 C for 3 h to ensure complete dissolution of the organometallic species. All undissolved materials were removed by ltration and all volatiles removed in vacuo.
XPS data collection
All XP spectra were recorded using a Kratos Axis Ultra spectrometer employing a focused, monochromated Al Ka source (hn ¼ 1486.6 eV), hybrid (magnetic/electrostatic) optics, hemispherical analyser and a multi-channel plate and delay line detector (DLD) with a X-ray incident angle of 30 and a collection angle, q, of 0 (both relative to the surface normal). X-ray gun power was 100 W. All spectra were recorded using an entrance aperture of 300 Â 700 mm with a pass energy of 80 eV for survey spectra and 20 eV for high-resolution spectra. The instrument sensitivity was 7. Samples were prepared by placing a small drop (z20 mg) of the ionic liquid into a depression on a stainless steel sample stub (designed for powders) or on a standard stainless steel multi-sample bar (both Kratos designs). The ionic liquid samples were presented as thin lms (approx. thickness 0.5-1 mm), thereby avoiding experimental complications associated with variable sample height. Initial pumping to high vacuum pressure was carried out in a preparation chamber immediately aer thin lm preparation to avoid signicant absorption of volatile impurities. Pumping of ionic liquids was carried out with care as the high viscosities associated with these samples meant that signicant bubbling due to removal of volatile impurities was observed. The pumping down process was consequently carried out slowly to avoid contamination of the UHV chamber by bumping/splashing of the ionic liquid samples. The preparation chamber pressure achieved was z10 À7 mbar. Pumping-times varied (1-3 h total)
depending upon the volume, volatile impurity content and viscosity of the sample, i.e., viscous ionic liquids were found to require longer pumping times. The samples were then transferred to the main analytical vacuum chamber. The pressure in the main chamber remained #1 Â 10 À8 mbar during all XPS measurements, suggesting that all volatile impurities, such as water, are removed, leading to high purity samples.
Information depth of XPS
The information depth (ID) of XPS experiments may be dened as the depth, within the sample, from which 95% of the measured signal will originate. ID is assumed to vary mainly with cos q, where q is the electron emission angle relative to the surface normal. If we assume that the inelastic mean free path (l) of photoelectrons in organic compounds is of the order of $3 nm, at the kinetic energies employed here we can estimate ID in this geometry, when q ¼ 0 , ID ¼ 7-9 nm. Consequently these data may be considered as representative of the bulk composition and do not reect any local enhancements of concentration at the near surface region.
XPS data analysis
For data interpretation, a two-point linear background subtraction was used. Relative Sensitivity Factors (RSF), also known as the atomic sensitivity factors (ASF), were taken from the Kratos Library and were used to determine atomic percentages. 48 Peaks were tted using GL(30) lineshapes; a combination of a Gaussian (70%) and Lorentzian (30%).
49 This lineshape has been used consistently in the tting of XP spectra, and has been found to match experimental lineshapes in ionic liquid systems. The FWHM of each component was initially constrained to 0.8 # FWHM # 1.5 eV. XP spectra for [C 8 
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Results and discussions
The [Pd(PPh 3 ) 4 ] catalysed Suzuki cross coupling reaction is accelerated dramatically when ionic liquids are employed as solvents. 50 The reason for this observation has been investigated and it has been concluded that the interaction between the palladium catalyst and the ionic liquid, which consequently causes the formation of a new palladium species in the solution, increases the reaction rate. The in situ formation of the phosphineimidazolylidene palladium complex results in a more thermally stable, catalytically active species in ionic liquids. In literature, the phosphineimidazolylidene palladium complex has been observed in the case of the [BF 4 ] À -based system by ESI-MS and NMR spectroscopy, with the successful determination of a crystal structure highlighted in Fig. 1 . 51 It must be noted that, the formation of the 1-octyl-3-methylphosphineimidazolylidene palladium complexes in all cases investigated in this paper has been conrmed by ESI-MS and XPS. In [C 8 C 1 Im][PF 6 ] (hexauorophosphate), there is no phosphineimidazolylidene palladium complex formed. [BF 4 ]. This ionic liquid solution will be used as a case study to describe the principal XPS features. XPS signals were observed for all expected elements, as was the case for each of the ionic liquid solutions presented herein. Previous XPS studies of ionic liquids from various groups have shown the presence of impurities in the near-surface region of ionic liquids that could not be detected using NMR or other bulk sensitive techniques. [52] [53] [54] [55] [56] Fig. S1a † shows no indication of any impurities present in the solution.
The regions due to elements in the ionic liquid are shown in Fig. S1b-e ; † the Pd 3d region is shown in Fig. S1f . † All components tted are labelled in Fig. S1b -e, † and have previously been identied. 31 The XP spectra given in Fig. S1b- 4 ]. Indeed, the FWHM for the Pd 3d 5/2 component of the spectra are 1.0 eV and 1.8 eV, respectively. This observation may be explained as a result of charging at the surface of the nonconducting solid sample, 53, 54 or, more probably, as a consequence of the photo-physics involved during the photoelectron emission. It is well known that FWHM is proportional to the lifetime of the vacancy that is le as a result of photoelectron emission (FWHM $ h/s, where s is the vacancy lifetime and h is Planck's constant). The vacancy lifetime is determined by Auger processes. In the case of Pd photoelectron emission, this process mainly involves the 5s orbital, to form an M 4,5 VV Auger process. The valence electron conguration of molecular Pd, in solution, is 4d 10 5s 0 . However in the case of solid samples, as we move from discrete mono-metallic molecular species through to the formation of small clusters and eventually on to the bulk metal, s-d hybridisation can occur which causes a change in the electronic conguration from 4d 10 5s 0 to 4d 10À3 5s
3
, where 3 is less than 1. The increase in 5s orbital electron density gives rise to a shorter Pd 3d vacancy lifetime and, consequently, larger FWHM.
57
Formation of a phosphineimidazolylidene palladium complex
The Pd 3d high resolution spectrum is composed of a doublet peak which originates from the 3d orbital with a spin-orbital coupling energy difference of 5.26 eV, 58 and area ratio of 3d 5/2 : 3d 3/2 is 3 : 2 (see Fig. S1f †) , as expected from theory. In this paper, unless otherwise stated, the 3d 5/2 component is selected to ensure valid comparisons, simply because the intensity for this component is greater. The Pd 3d 5/2 component in the solid sample shows a binding energy at 336.4 eV (obtained aer charge correcting to the benzene carbon signal, C benzene 1s ¼ 284.7 eV 59 ) which indicates that the Pd is in the (0) oxidation state (see Fig. 2a) 4 ] indicates that the Pd is in the (+2) oxidation state and the phosphineimidazolylidene palladium complex is formed in the ionic liquid (see Fig. 2b) 4 ], within the experimental error (see Fig. 2c ). As has been highlighted previously, the reason why imidazolium-based ionic liquids show lower electrochemical stabilities than pyridinium-based analogues is mainly due to ease of removal of the C 2 proton.
38
In pyridinium-based ionic liquids, since no palladiumcontaining ylidene complex is formed, the electronic environment of the Pd centre remains the same as that of the solid powder. 
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Qualitative effect of anion on Pd binding energy
As shown in Fig. 3 À -based ionic liquid, it is expected that, in the Suzuki cross coupling reaction, a more electron poor palladium centre would be more catalytically active.
Quantitative effect of anion on Pd binding energy: b vs. Pd 3d binding energy
Intermolecular interactions are one of the key factors, which determine the structure 60-64 and properties of ionic liquids, e.g. viscosity and conductivity.
65 Based upon such a correlation, the selection of a specic anion for a particular task is preceded by considering the delivery of a liquid that can provide the desired physico-chemical properties. However, in terms of quantifying the selection process, it has to revolve around the prediction of the cation-anion interactions.
Charge distribution and ion pair availability of ionic liquids are intrinsic to the formation of hydrogen-bonded networks involving both the cation of the ionic liquid and solute components. The direct quantication of these interactions in the case of a single specic ion is not straightforward. Indeed, a number of metrics have been proposed including proton affinity, dissociation energy and interaction energy, all of which are based upon semi-empirical, single molecule calculations, which omit multi-point interactions.
Kamlet-Ta parameters provide information about the interactions within a solvent and therefore describe liquid phase properties of ionic liquids. The Kamlet-Ta hydrogen bond acceptor ability, b, has been used to indicate the basicity of the corresponding anions of ionic liquids. b was found to follow the trend [Tf 2 
À (see Table S3 †) . 40, 41 This observation is in good agreement with the trend of measured binding energies of Pd 3d 5/2 for palladium-containing ylidene complexes in the corresponding ionic liquid-based solutions, see Fig. 4 . This observation conrmed the conclusion highlighted previously, 26, 31, 38 that the basicity of the anions can inuence the measured binding energies obtained for the solute components. Can anion basicity impact on the reaction rate?
As mentioned previously, the Suzuki cross coupling reaction has been widely studied, using ionic liquids as reaction media. 12, 13, 50, [66] [67] [68] [69] [70] [71] [72] Switching from traditional organic solvents to ionic liquids can give rise to a dramatic increase in reaction rate due to the formation of a new, more reactive palladiumcontaining ylidene complex.
13,50 XPS of ionic liquid-based solutions offers a unique opportunity to probe this process and investigate the inuence of the anion chemistry. Here we investigate the impact of anion basicity on the tuning of a catalytic system. In principle, this data could inform the systematic design of a new, more active catalyst, which will deliver high productivity in terms of reaction rate or selectivity. We report a simple palladium catalysed Suzuki crossing coupling reaction, using bromobenzene and phenylboronic acid as starting materials, processed in ionic liquids. The proton signals from both of the starting materials and the product show similar chemical shi (d), between 7.65 and 7.15 ppm. However, the two ortho-protons within phenylboronic acid show higher d at around 8.00 ppm, and can be easily integrated to quantify the conversion. The reaction conversion calculated by integrating the desired 1 H NMR peaks was consequently used to calculate the TOFs of the reaction. It must be noted that the TOFs was given by assuming that no side reaction was carried out during the reaction, and thus the starting materials will only be converted to the desired product. NMR spectroscopy suggests that this assumption is valid as all observed peaks can be assigned to the starting materials, product or the solvent. Furthermore, as concluded earlier, the measured binding energies of Pd 3d 5/2 for the phosphineimidazolylidene palladium complexes in the corresponding ionic liquid-based solutions follow a trend. Consequently, three ionic liquids, with different basicity of anions, [C 8 Although insufficient data has been available to quantify the effect of binding energy on the reaction rate, this is the rst time that we have successfully correlated the binding energy to reaction rate, which could allow us to specically design a metal catalytic system to accelerate catalytic reaction by selection of anions and application of ionic liquid mixtures.
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Conclusions
We have successfully measured XP spectra for a range of ionic liquid solutions containing phosphineimidazolylidene palladium complexes. 4 ] was the same as that of the solid catalyst, which further conrmed that the Pd(II) centre was only formed in imidazolium-based ionic liquids.
We also show comparisons of charge corrected binding energies of Pd 3d for the phosphineimidazolylidene palladium complexes in ionic liquid solutions with varying anion. The measured binding energy of the Pd 3d 5/2 decreases as the basicity of the anion is increased, indicating that more charge was transferred from the anion to the solute for higher basicity anions such as Cl We carried out a model Suzuki cross coupling reaction in three ionic liquids, taking into account the basicity of anions. For the rst time, we have correlated the binding energy of the metal centre of a catalytic system to reaction rate. It allows us to specically design a metal catalytic system to accelerate catalytic reactions.
